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Abstract 
Nanoindentation has become a powerful tool in the measurement of the 
mechanical properties of diverse materials, such as metallic materials, polymer 
materials, and even biomaterials. 
In this thesis, three types of Zr-based bulk metallic glasses (BMGs) were 
investigated by nanoindentation. Our work focuses on the characterization of the 
hardness, the reduced modulus, and the deformation behavior under different 
indentation conditions. The study of the hardness and the reduced modulus is to 
access the effect of the indentation load on deformation behavior and to determine the 
inhomogeneous deformation. The morphological profiles of the residual indentation 
on the surface of the specimen after an indentation were observed by the atomic force 
microscope (AFM). Differential scanning calorimetry (DSC) measurements were 
performed to determine characteristic thermal properties, the glass transition 
temperature (Tg), and the crystallization temperature (Tx).  
The serrated-flow behavior (or pop-in behavior) was investigated at different 
loading rates. It is concluded that the pop-in size gradually increases with the decrease 
in the loading rate and the increase of the indentation depth. And the research of the 
indentation tests on the several metallic glasses at different indentation rates indicates 
that a much higher critical strain rate will lead to the disappearance of flow serrations. 
Another type of material of a high-entropy alloy (HEA) was also investigated in 
this thesis. The hardness, reduced modulus, and deformation behavior were 
investigated by the indentation tests. Compared to Zr-based BMGs, this type of HEA 
vi 
 
has lower hardness and higher reduced modulus. Creep behavior was observed in the 
indentation tests. However, serrated flow behavior disappears. The microstructure of 
this HEA was investigated by the X-ray diffraction (XRD), atomic force microscopy 
(AFM), scanning electron microscopy (SEM), and energy-dispersive spectroscopy 
(EDS). For the advanced research, the simulation of ion-implantation of HEAs was 
preformed, because the advanced reactor is one of the important potential applications 
of HEAs and advanced nuclear-energy systems, which will require materials that can 
withstand extreme reactor environments of high-temperature and high-doses 
radiation. 
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Chapter 1 Literature Review 
1.1 Introduction 
For more than a century, the materials science researchers have recognized that 
mechanical properties are the determinant factor in surface contacts between materials. 
In order to measure such mechanical properties from a contact of known geometry, 
researchers have been developing many different indentation and impression tests. 
Due to the development of new sensors and actuators, the instrumented indentations 
can be routinely performed on submicron scales. Thus, the nanoindentation was 
developed for mechanical-property measurements at surfaces. It is well known that 
the metals are the workhorse material of the modern society, owing to their excellent 
formability, toughness, and strength. Bulk metallic glasses (BMGs) and high entropy 
alloys (HEAs) are the alloys developed in recent years and have novel properties, 
such as high strength. Thus, nanoindentation is a very good instrument to research the 
fundamental deformation mechanisms of these materials [1, 2]. In our work, we will 
focus on the characterization of the hardness, reduced modulus, serrated flow, and 
many other properties of BMGs and HEAs by nanoindentation. 
 
1.2 Nanoindentation 
The nanoindentation technique, developed in the mid-1970s [3, 4], has been 
widely used to test mechanical properties of materials in the last decades, and it is 
commonly applied in the small volume of samples at small scales [1, 2]. Traditionally, 
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the indentation experiment is only used to test the hardness of a material, until 
Ternovskii et al. [4] derives the reduced modulus of interest using the measured 
load-displacement data by introducing the stiffness equation. The stiffness equation 
introduced by Ternovskii et al. is as follows 
                              
2
r
dP E A
dh p
=                          (1) 
where dP/dh is the slope of the load-displacement curve, Er is the reduced modulus of 
a material, and A is the projected contact area of the indent. Oliver and Pharr [1] 
re-introduce the stiffness equation and claim that this equation can be used in all 
axisymmetric indenters with any infinitely smooth profile. They proposed this 
technical approach, which received the wide acceptance by the community, and make 
the nanoindentation as a technique very popular to extract elastic material properties. 
This method of nanoindentation is derived from traditional indentation tests. 
However, the size of manufactured tips was reduced, and the accuracy and resolution 
of depth were improved due to the technological developments [5]. The hardness 
value and elastic modulus are the primary properties, which were measured by means 
of nanoindentation, and it measures the load-displacement response by the 
high-resolution equipment. Moreover, with the increased interest in small volumes of 
thin films and specimens and the modern applications, nanoindentations become more 
and more popular and have some new innovations, such as the atomic force 
microscopy (AFM) [6, 7, 8] or in-suit transmission electron microscopy (TEM) 
[9,10,11]. Nanoindentation has also been used to research the rate-dependent 
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processes, such as mechanical properties of creep [12]. Furthermore, the development 
of the high-temperature stage helps the research on the temperature dependence of 
mechanical properties. The nanoindentation technique has some relative advantages in 
mechanical testing in the sub-micron range, when compared to other testing methods, 
such as the simple setup and specimen preparation, leaving a small imprint and 
commonly perceived as relatively nondestructive [13].  
Several analytical approaches have been developed for measuring mechanical 
properties, such as hardness, elastic modulus, and yield stress from the indentation 
load-displacement data of a bulk material. The typical procedure of the 
nanoindentation experiment is to use a specially-designed tip penetrating into a 
specimen, records the load and the corresponding displacement, and then use the load 
and displacement to calculate the hardness and elastic modulus. To date, many kinds 
of indentation tips are designed with the development of the indentation technique, 
and the different kinds of indentation tips and their characterization are summarized in 
Figure 1. In our experiments, we simply use the diamond Berkovich tip, which is also 
used most widely. The Berkovich tip is a three-sided pyramid, which is geometrically 
self-similar and the centerline-to-face angle, a , is 65.35°, as shown in Figure 2 [14]. 
The most common method was developed to measure the hardness and the 
reduced modulus of a material from the load-displacement data obtained with the 
Berkovich indenter, which was proposed by Oliver and Pharr in 1992 [1]. Figure 3 is 
a schematic profile of the indentation process for the Berkovich indenter. When the 
indenter is penetrating into the specimen, both elastic and plastic deformations on the 
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material’s surface occur, which produces an impression in the specimen that has the 
same geometric shape of the indenter, and generates a contact depth referred to as hc. 
The typical loading and unloading procedure consists of five steps: 
(1) Increasing the load linearly to a determined maximum value (Pmax) at a 
constant loading rate; 
(2) Holding the load of Pmax constant for the different hold time, thold; 
(3) Decreasing linearly the load to 10% of Pmax with the same rate as the loading 
stage; 
(4) Holding the load constant for a specified time to record the thermal drift of 
the instrument; 
(5) Decreasing the load linearly to zero with the same loading rate as the loading 
stage. 
The hardness and reduced modulus can be calculated by analyzing the 
load-displacement curve, as shown in Figure 4. In order to calculate the hardness of a 
material from the nanoindentation data, some important quantities must be recorded 
by the test system, such as maximum load (Pmax), maximum depth (hmax), and the final 
depth of the residual hardness impression (hf). The equation used to extract the 
hardness, H, is:  
                                                      (2) 
where Pmax is the peak load, and A is the project contact area at the peak load. For the 
unloading stiffness, S, is determined by curve-fitting the upper portion of the 
max= PH
A
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unloading curve and measuring its slope at the peak load and the equation is: 
2= r
unloading
dPS E A
dh
b
p
é ù =ê úë û
                     (3) 
Here, S = dP/dh is the experimentally-measured stiffness of the upper portion of 
the unloading data, and Er is the reduced modulus. The widely-used relationship for 
the reduced modulus, Er, which relates projected area, A, and contact stiffness, S. is 
given by 
                        1
2r
SE
A
p
b
=                          (4) 
where β is a correction factor corresponding to the geometry of the indenter, with β = 
1 for axisymmetric indenters and β = 1.03～1.05 for indenters with square or 
rectangular cross sections. The relationship between the elastic modulus of the 
specimen, E, and the measured reduced modulus, Er, are given by the following 
equation as: 
2 21 11 S i
r S iE E E
n n- -
= +                       (5) 
where ni and Ei are the Poisson’s ratio and elastic modulus for the indenter, and νS and 
ES are the same parameters for the specimen, respectively. For the diamond indenter, 
Ei equals to 1,141 GPa and ni equals to 0.07 [15]. Hey et al. [16] point out that even if 
the material’s Poisson ratio is roughly estimated around 0.25 ± 0.1, there still has more 
than 5% uncertainty in the calculated value of E for the materials. 
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1.3 Bulk Metallic Glass 
Metallic glasses (that is, metallic amorphous glasses), first formatived by Duwez 
at Caltech, USA, in 1960 [17], are alloys without long-range periodicity or 
quasicrystalline common to conventional metals. They used the rapid quenching 
techniques to freeze the liquid structure at an extremely high rate of 106K/s to avoid 
the crystallization. Following this discovery, the research on the metallic glasses was 
accelerated in the early 1970s because a melt spinning method was invented and 
developed [18]. This technique, which is a rapid cooling method, can quench liquid 
alloys through impinging a melt stream on a spinning copper wheel with 10 – 50 μm 
thick ribbons at cooling rates of 103 – 106 K/s. At this stage, the formation of metallic 
glasses should require the high cooling rates, and this trend limit the amorphous alloys 
geometry and restrict the development of the bulk metallic glasses. Therefore, the 
most important thing is to develop new metallic glasses with lower critical cooling 
rates for keeping the amorphous structure. However, some noble-metal-based alloys, 
such as Pd-Cu-Si and Pd-Ni-P [19, 20, 21], were found to the few exceptions. 
Drehman et al. [20] claim that these alloys could fabricated with very low critical 
cooling rates of ~10 K/s, and the bulk size of these glassy samples could be ~10 mm 
in thickness. Although this is a big development of the research in the BMGs, these 
pioneering works did not make any real impact in the materials science community. 
The main reason is that the noble metals, such as palladium and platinum, are very 
expensive and cannot be used for a wide range of applications, even if these metals 
are very good for improving the glass-forming ability. 
7 
 
Inoue et al. [22] discovered the multicomponent glass formers in 1990s, and 
these new bulk glassy alloys have very low critical cooling rates for the bulk glass 
formation and exhibit the excellent glass-forming ability (GFA). So, the discovery of 
multicomponent glass formers could be considered the breakthrough in the BMG 
research, because some inefficiencies transition metals, not the expensive noble 
metals, can be used for essential constituent elements in these new BMG alloys. Peker 
et al. [23] at Caltech in 1993 reported that they successfully prepared an excellent 
multicomponent BMG and the composition is Zr41.2Ti13.8Cu12.5Ni10.0Be22.5, in atomic 
percent (at. %). The most important thing is that this new kind of BMG alloys 
contains 22.5 at% beryllium, which is first used as the glass former. Beryllium is the 
smallest metallic atom in the world. Thus, it is not only used to fill empty space in the 
defective glass structure, but also employed to make the stabilization of the liquid and 
glass phases more efficient. 
Due to the excellent high thermal stability and glass-forming ability, metallic 
alloys, which are usually referred to as BMGs, have been paid much scientific and 
engineering attentions from the early 1970s to 1990s. During this time, many kinds of 
BMGs, such as iron-, nickel-, titanium-, copper-, and based zirconium-based alloy 
systems [24], have been developed and an explosion of academic and industrial study 
has occurred owing to their various applications. 
With the development of BMGs, both the glass-forming ability and the critical 
casting thicknesses are increased observably. Siegrist et al. [25] reviewed the progress 
history of the research of the BMG alloys and summarized the critical casting 
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thicknesses of these metallic glasses in a plot, which is reprinted in Figure 5. It is 
pointed out that, over last four decades, the critical casting thickness tends to increase 
by one order of magnitude approximately every 12 years and increased total by more 
than three orders of magnitudes [25]. So far, more than one thousand of different 
BMGs have now been reported. In these different BMGs systems, the PdCuNiP 
family has the highest glass-forming ability and a critical casting thickness of 72 mm 
was developed by Inoue group. 
 
1.3.1 BMG formation 
A growing number of BMGs have been successfully prepared and 
commercialized for many potential structural and functional applications because of 
their novel properties. Although the glass forming ability (GFA), an important 
terminology in studying the metallic-glasses formation, has been improved with the 
development of metallic glasses, the relative low GFA is still one of the largest 
stumbling blocks for their commercial use. Many indicators of the GFA have been 
proposed, nevertheless, no standard definition has been made by now. From the 
engineering aspect, the higher GFA of a metallic glass need the lower critical cooling 
rate (Rc) and the larger critical dimension or thickness. Owing to the fact that it is still 
difficult to measure the critical cooling rate precisely in the experiment, the reliable 
criteria of characterizing the GFA need to be designed. 
The first used indicator for predicting the GFA, the reduced glass-transition 
temperature, Trg , was reported by Turnbull [26, 27] in 1970s. /rg g lT T T=  where Tg 
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is glass-transition temperature, and Tl is liquid temperature or /rg g mT T T=  where 
Tm is melting temperature. It is reported that when the Trg in the range of 0.66-0.69, 
the metallic glasses have the high GFA [28]. Figure 6 shows a good correlation 
between the criterion, Trg, and GFA [29].  
In 1980s, Inoue [24] report a new kind of GFA indicator, ΔTxg, the supercooled 
liquid region. xg x gT T TD = -  where Tx is the crystallization temperature, and Tg is 
the glass-transition temperature. The parameter indicates that with the increase of the 
accessible supercooled liquid region, there was corresponding improvement in GFA 
[30]. 
Some researchers point out that the Trg has a better correlation than ΔTxg with 
GFA in most glass-forming systems [31, 32]. However, with the prepared and 
development of new metallic-glass compositions, both indicators of Trg and ΔTxg show 
unreliable correlations with GFA, even presenting a contrasting trend in many BMGs 
systems [31]. For example, Shen et al. [33, 34] report that in some Pd- and Fe-based 
metallic-glasses compositions, Trg is found to be unsatisfactory to predict GFA. Until 
recently, Lu et al. [35, 36] developed a new indicater, γ, which shows a reliable 
correlation to reflect the GFA of most metallic-glasses compositions and some oxide 
glasses. In Lu et al.[35, 36] theory, the average of the stability of the liquids in 
equilibrium and metastable states, 1/ 2( )g lT T+ , can be used to represent the 
liquid-phase stability if two liquids have different Tl and Tg, as shown in Figure 7. In 
general, a glass-forming liquid should have a relatively higher liquid phase stability if 
it has a smaller value of 1/ 2( )g lT T+ . If all liquids have the same liquid-phase 
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stability, the onset crystallization temperature, Tx, can assess the GFA alone, as shown 
in Figure 8, which schematically point out the function of Tx and GFA [36]. Thus, Lu 
et al. proposed a new indicator, γ, which is the normalized Tx and used as a gauge for 
GFA, expressed as follows [35, 37]. 
1
2( )
x
x
g l g l
TT
T T T T
g
é ù
µ µê ú
+ +ê úë û
                    (6) 
From this equation, it is clear that the higher onset crystallization temperature Tx, 
which represent greater resistance to crystallization, and the lower sum of Tg and Tl, 
which means lower stability in the metastable and equilibrium state, will result in 
higher γ, which gives good GFA. The correlation between the critical cooling rate, Rc 
and indicator, γ for typical bulk metallic glasses are shown in Figure 9 [36] and the 
correlation between the critical thickness, tmax, and indicator, γ, are shown in Figure 
10 [36]. 
There are many other indicators proposed by the researchers. Fan et al. [38] 
proposed a dimensionless criterion, φ, ground on the theoretical calculations using the 
fragility concept and the nucleation theory, and the φ can be expressed by 
x
rg
g
TT
T
a
f
æ öD
= ç ÷ç ÷
è ø
                         (7) 
where α is a constant. Based on the experimental data associated with the thermal 
analysis of BMG alloys, Chen et al. [39] proposed a new criterion, defined as 
δ = Tx/(Tl −Tg). The author claim that the δ criterion is distinctly better than other 
currently used criteria and it has a much better interrelationship with GFA than γ and 
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Trg. Based on the nucleation and growth theory, Yuan et al. [40] proposed a 
dimensionless criterion, β, which can be expressed by 
2( )
x g
l x
T T
T T
b =
-
g
                         (8) 
It was also claimed that the new criterion, β, is better than other currently used 
criteria in statistical.  
As mentioned above, GFA includes two important components: the stability of 
the liquid structure and the resistance to crystallization. Many criteria have been 
developed by the researchers. However, it is still a long way to develop proper 
indicators for GFA. 
 
1.3.2 Mechanical properties and composites 
Due to the absence of dislocations and crystalline lattice, we have the realization 
that the BMGs have a unique deformation mechanism, such as the high strength (> 2 
GPa), high hardness (600 - 1,300 DPH), high fracture toughness (> 70 MPa·m1/2), 
high elastic strain (~ 2% elastic strain), good castability and formability (> 1,000% 
elongation), superior aqueous corrosion resistance, good wear resistance, excellent 
soft magnetic properties (Fe-based BMGs) and other interesting optical and physical 
properties. Amiya and Inoue et al. prepared the (Fe, Co)-Cr-Mo-C-B-Tm glassy 
alloys in a cylindrical form with a diameter of 18 mm and they claim that this glassy 
alloys show an excellent GFA and high strength exceeding 4 GPa [41]. 
Co43Fe20Ta5.5B31.5 glassy alloy prepared by Inoue et al. [42] exhibiting ultrahigh 
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fracture strength over 5 GPa, high Young’s modulus of 270 GPa, and it also have high 
specific strength and high specific Young’s modulus. This glassy alloy also has 
excellent formability, which the large tensile elongation is 1,400%. 
Mechanical properties of Zr-based BMGs with respect to yield (σy) and fracture 
strength (σf), vickers hardness as well as the Young’s modulus (E) are given in Tables 
1 and 2 [43]. 
 
1.3.3 Plastic deformation 
Due to no grain boundaries or dislocations in BMGs, their deformation 
mechanisms are distinctly different from the conventional crystal materials and their 
plastic-deformation behavior cannot be explained by the traditional dislocation theory. 
Furthermore, the formation and rapid propagation of the localized shear bands be 
supposed to the reason of the deformation of BMGs at room temperature [44, 45].  
To date, the inhomogeneous shear-band operation theory have a widely accepted 
[30, 46] and it can be used in many deformation process, such as nanoindentation [47, 
48], bending [49], compression [46], and fatigue tests [50]. Figure 11(a) shows a 
typical nanoindentation impression induced by a Berkovich indent on the surface of a 
Pd-based metallic glass and Figure 11(b, c) present two load-displacemnet curve (i.e 
the P-h curve) corresponding to the Pd-based metallic glass. It is well know that the 
rise of work hardening mechanisms which caused by the motion and mutual 
interaction of dislocations will make the crystalline metal’s plastic flow stable, 
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however, no grain boundaries or dislocations in metallic glasses will lead to the 
unstable of the plastic deformation and shear-band emission [51, 52, 53, 54]. It has 
been reported that serrated flow is highly affected by the loading rate in BMGs under 
nanoindentation and uniaxial compression [55, 56, 57, 58, 59], as shown in Figure 12. 
A pattern of a typical loading rate dependence of the serrated flow in nanoindentation 
for BMGs show that the pop-in size gradually increases with the decrease in the 
loading rate, as shown in Figure 13 [58]. Although there have been many 
development on the understanding of the mechanical properties of BMGs from the 
literature above, there are still many problems needed to be explained by the 
researchers, such as source of the shear band on the BMGs. 
 
1.4 High-entropy Alloys 
An exciting new class of alloy, HEAs, has attracted increasing attention for their 
unusual structural properties in recent years [60, 61, 62]. They are typically defined as 
single-phase solid-solution alloys that consist of at least five principal metallic elements in 
equal or near-equal atomic percent (at. %), which is very different from the traditional alloy 
design, which is the major metallic element is selected based on a specific property 
requirement and other elements are added in with a small amounts to achieve different 
properties without sacrificing the primary one. Normally, the concentration of each element 
is between 5 and 35 at. %. Although consist of a large number of components, the HEA 
actually exhibit a surprising degree of mutual solubility in a single fcc phase or bcc phase 
[63]. Due to their high-temperature strengths, high hardness, corrosion resistance, wear 
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resistance and oxidation resistance [64], HEAs show great potential for engineering 
applications, making them favorable candidates for various elevated-temperature 
applications, such as advanced reactors, which require operating temperatures in excess of 
750 ～ 850 °C for the next 80 years. Described thermodynamically using Boltzmann’s 
Hypothesis, the configuration entropy, confSD , of random mixing of N elements is 
defined by the following equation: 
                             
1
ln
n
conf i iS R x xD = - å                         (9) 
where R is the gas constant, n is the number of elements, and xi is the molar fraction. And 
the entropy of mixing of N elements approaches the maximum value, mSD  
lnmS R ND =                             (10) 
So, ∆Sm increases rapidly with increasing the number of the alloying elements, 
when the elements are mixed at an equal or near-equal atomic percent. 
One of the potential applications of HEAs, as an advanced reactor, in advanced 
nuclear-energy systems will require materials that can withstand extreme reactor 
environments of high-temperature and high-doses radiation. Knowledge of the 
radiation response in HEAs is, therefore, essential for their application in 
nuclear-energy systems. The irradiation studies will provide the critical understanding 
and data to validate computational predictions of radiation behavior in the HEA under 
high irradiation doses, such as 100 dpa, at temperatures to 700 °C. The experimental 
validation is essential to the assessment and development of the materials to be used 
in next-generation nuclear reactors. In the irradiation studies, the impacts of the 
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self-ion irradiation, such as Al, Co, and Ni, to simulate damage created by atomic 
collisions through primary recoils generated during fast neutron irradiation should be 
carried out. Very heavy ions, such as Au, will be used to study the HEAs’ responses to 
high irradiation doses, which is an efficient way to provide the benchmark data in 
designing time-consuming self-ion irradiation experiments. In order to study the 
deformation behavior of the HEA before and after the irradiation, the experiment 
should be performed by nanoindentation. 
 
1.5 Summary 
Nanoindentation has become a powerful tool in the measurement of the 
mechanical properties of diverse materials, such as metallic materials, polymer 
materials, and even biomaterials. From the phase transformations in microscale of 
materials to the formation and motion of the defects, such as lattice dislocations or 
shear bands, the nanoindentation makes us have the considerable potential for 
understanding discrete atomic rearrangements under stress. From the literature review 
above, the researchers have been made many significant achievements on the studying 
of mechanical properties of BMGs in the past 40 years. The understanding of the 
deformation behavior of the BMGs also improved with the development of the 
nanoindentation technique. However, there are also several misunderstanding and 
debates on the mechanism for deformation behavior in BMGs. For example, the 
researchers still do not understand how the flow serration formed or where is the 
origin of a shear band even though it is widely accepted that the flow serration is 
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strongly associated with the shear-band emission.  
The thesis focuses on the deformation behavior of the BMGs and HEAs under 
nanoindentation at the room temperature. The hardness and the reduced modulus also 
investigated in our indentation experiments. The different loading rate of the 
indentation will also be performed to research the serrated flow behavior. 
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Chapter 2 Experimental 
2.1 Preparation of specimens 
Zr-based BMGs specimens with the nominal composition of Zr50Cu40Al10, 
Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 atomic percent (at.%) were investigated in the 
present experiments. The amorphous alloy specimen were fabricated by the 
high-purity elements (Zr-99.5%; Cu-99.999%; Al-99.999%) and prepared by 
arc-melting master-alloy buttons in an argon environment. In order to obtain the 
low-oxygen concentration of the Zr-based BMGs, a special Zr-crystal rod, which 
oxygen content is less than 0.05 at.%, was used in the experiments [50]. At the 
temperature of 1,200 K, the melting was repeated at least five times to improve the 
chemical homogeneity of the alloys. The cast rod, 5 mm in diameter and 60 mm in 
length, was fabricated at a cooling rate of 100 K/s, using the tilt-casting method in an 
arc furnace via a pseudo-floating-melt state before casting to obtain a completely 
melted state [50]. Then the samples were machined into a cuboid with a length of 3 
mm, width of 3 mm and thickness of 1.5 mm by electrical discharge machining 
(EDM). The samples were then polished by polishing cloth with 0.05 μm 
aluminum-oxides grain to obtain two parallel surfaces of mirror quality to avoid 
surface effects, such as roughness and unparallel surfaces. The energy dissipated, 
which result from the roughness and unparallel surface, will lead to the surface effect 
on nanoindentation [65]. 
The HEA specimens with the nominal composition of Al0.5CrCuFeNi2, at.%, 
were investigated in our experiments. Alloys were prepared in a Ti-gettered 
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high-purity argon atmosphere by arc-melting a mixture of constituent elements with 
purity higher than 99.9 weight percent (wt.%). The ingot alloys were remelted several 
times in order to maintain homogeneity, and the molten alloys were drop-cast into a 
10 mm diameter copper mold at last. In order to facilitate the microstructure 
observation and avoid surface the effects, the samples were sequentially polished by 
polishing cloth with 0.05 μm aluminum-oxides grain, and then the samples etched 
with the Kalling’s reagent. 
The structure of the as-cast samples was performed by X-ray diffraction (XRD) 
with Cu Kα radiation (λ = 1.541874 Å). The microstructures morphology were 
investigated by using metallographic microscope and a Leo 1525 Field Emission 
Scanning Electron Microscopy (FE-SEM). 
 
2.2 Nanoindentation tests 
The nanoindentation tests were conducted using a Hysitron TriboScope 
(Minneapolis, MN) attached to a Quesant (Agoura Hills, CA) atomic force 
microscope (AFM). A non-conducting-diamond NorthStar cubic indenter with a 
nominal tip radius of 40 nm (Minneapolis, MN) was used. For each loading or loading 
rate, at least five indents were performed. The indentation depth and indentation load 
were recorded, and the slope of the upper portion of the unloading curves was used to 
calculate the contact modulus and indentation hardness. The machine compliance was 
calibrated to be 1.0 nm/mN. The calculated apparent contact modulus and apparent 
indentation hardness were statistically analyzed; and the standard deviation for each 
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condition was used for the error bar in the corresponding diagrams. The typical 
indentation procedure contains three parts: loading stage (tL), holding stage (tH) and 
unloading stage (tU) respectively, as shown in Figure 14. 
 
2.2.1 Nanoindentation experiments on BMGs 
In order to investigate the effect of different maximum loading on the hardness, 
reduced contact stiffness and other characteristic, the indentation load ranging from 
300, 600, 1,000, 1,500, 2,000, 2,500, 3,000, 5,000 and 8,000 µN was used during the 
tests. And constant loading and unloading times of 10 second were used in the 
indentation tests without an intermediate pause between the loading phase and the 
unloading phase. In order to explore the indentation loading rates dependence of the 
flow serration in Zr-based bulk metallic glasss under nanoindentation test, with the 
same peak load, eight loading time and unloading time were used to generate different 
loading rates. The loading time is range from 1, 2, 5, 10, 20, 40, 80, 160 to 400 s, 
corresponding to the loading rate of 8, 4, 1.6, 0.8, 0.4, 0.2, 0.1 and 0.05 mNs-1, 
respectively. 
 
2.2.2 Nanoindentation experiments on HEAs 
For the HEA, we only use the indentation load ranging from 1,000, 3,000, 5,000, 
7,000 and 9,000 µN during the indentation tests. Constant 10 second was used in the 
loading and unloading stage of the indentation tests and with an intermediate pause of 
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10 second between the loading phase and the unloading phase. 
 
2.3 The Stopping and Range of Ion in Matter (SRIM) Simulation of 
the HEA 
SRIM, as one of the most accepted simulation programs in the fields of ion 
implantation and ion-beam analysis, is widely used for estimating displacement 
damage and ranges of ions in matter [66, 67, 68]. Since the stopping prediction from 
SRIM is based on fits to experimental data, it usually provides reasonable predictions. 
Local dose in displacements per atom (dpa) and ion range distribution of the 
Al0.5CrCuFeNi2 HEA can be predicted using SRIM 2008.04 full-cascade simulations 
under the assumptions of a sample density of 7.467 g/cm3, and threshold displacement 
energy of 40 eV is assumed for all elements in the SRIM simulation. Both the 
ion-irradiation-induced disorder profile and ion distribution for certain ion fluence can 
be estimated. 
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Chapter 3 Nanoindentation Experiments on BMGs 
3.1 Analysis of Nanoindentation Deformation 
Due to the plastic flow during nanoindentation, the excessive free volume 
coalesces in the surface of the metallic glasses and this will change the atomic orders 
and creates the local stresses in the metallic glasses. The concept of diffusion-induced 
stresses, which was developed by Yang et al. [69], can express that the flow stress and 
the change of the excessive free volume have the following relationship, and the 
equation is [70] 
                         = K Vs a W D                           (11) 
where K is the bulk modulus, σ is the uniaxial flow stress, W means the volume of 
each free volume unit, V is the excessive free volume’s concentration and α is a 
constant related with the Helmholtz free energy and temperature. It is well know that 
the strain gradient is a determinant role in the deformation behavior of materials by 
nanoindentation. Thus, the excessive free volume contains two parts, the statistically 
stored excessive free volume and geometrically necessary excessive free volume. So, 
the Equation 1 can rewrite as 
                      = +S GK V Vs a W D D                         (12) 
where SV  is the concentration of the statistically stored excessive free volume and 
GV  is the concentration of the geometrically necessary excessive free volume. For a 
Berkovich indenter in BMGs, the deformation induced by the indentation is 
accompanied by the formation and growth of equally distributed triangular loops of 
strain gradient clusters, as shown in Figure 15 [71]. The Berkovich indenter is 
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pyramid shape, so, the length of the first triangular loop L1 is 
1 3 3L r=                              (13) 
where r defined as the radius of the deformation zone. Similarly, one can obtains 
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where h is the indentation depth, β defined as the length of the adjacent triangular 
loops and n defined as n = h/β. Thus, the total length of the distributed triangular 
loops can be calculated as 
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Assuming / 1n h b= ? , so one can obtain that  
3 3
2
rhL
b
=                           (18) 
Schuh et al. [72] review some other researchers’ work and point out that the hardness 
for a metallic glass can be defined as H hs= , where the value of η is related to the 
surface profile of the indenter as well as the mechanical properties of the material. For 
metallic glasses, η is approximate to 3. Thus, the hardness would be  
29 3 tan= +
16S
K V
h
q
s ah
pb
W D                    (19) 
where GVD defined as
29 3 tan=
16G
V
h
q
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D  [70], θ is the angle of the side surface of the 
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indenter and the material surface. It is well know that ( )3 1 2E K n= - , one can rewrite 
equation as  
( )
0= 1+
3 1 2
SV hH
E h
ah
n
W D
-
                  (20) 
where E is Young’s modulus, ν is Poisson’s ratio, and h0 is defined as 
2
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. For larger indentation with 0h h? , thus 0 / 0h h » . 
 
3.2 Deformation Behavior of BMGs 
3.2.1 Load-displacement curves 
The load-displacement curves for Zr50Cu30Al10Ni10 specimen obtained by 
Berkovich indenter are depicted in Figure 16. Because no bulge behavior is observed 
during the unloading, this trend means that there is not viscoelastic deformation under 
the indentation conditions. So, we chose zero second as the holding time in the 
nanoindentation experiments. From this image, one can easily find that there is a 
depth increase when the load reaches the maximum. In other words, the depth of the 
indenter penetrate into the specimen will increase in the ten seconds holding time. The 
load-displacement curves with different maximum loads overlapped perfectly during 
the loading stage, and this trend demonstrates that the experimental data have a good 
reproduction and no surface effects or instability of instrument. 
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3.2.2 Dependence of the maximum indentation depth on indentation load 
In the research of the nanoindentation deformation, one simply uses the 
Oliver-Pharr approach [1] to analysis the results. However, it is difficult to accurately 
measuring the size of the pile-up at the submicrometer scale; the effect of the material 
pile-up is not considered. Figure 17 shows the dependence of the maximum 
indentation depth on the maximum indentation load with zero second holding time, in 
which the results were averaged over more than five indentations for each testing 
condition. From this image, one can easily to find that the depth of the indenter 
exponential increased with the increasing of the indentation load. 
In general, for homogeneous materials, the load-displacement relationships for 
the indentation load (P) and the elastic displacement of the indenter (h) can be 
expressed by the following equation [73]:  
                                nmP K h=                              (21) 
where mK  is a constant associated with the elastic behavior of the metallic glasses 
and n is the index. Kick's Law point out that for all indenters and all geometrically 
similar indentations, n is postulated equal to 2 when they calculated. Cheng [74] claim 
that the power law exponent, n, is equal to 2 for a geometrically similar indenter when 
using dimensional analysis for the geometrically similar indenter. For the three kind 
of Zr-based BMGs glasses in our experiment, one obtain the exponential index of 1.1, 
which is different from the value of 2 obtained in Kick and Cheng’s work. It has been 
reported by Schuh et al. [72] that the metallic glasses do not obey the maximum-shear 
stress criterion such as the Tresca or von Mises yield criterion from the growing body 
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of both experimental and theoretical evidence, even if most all mechanical analyses of 
indentation problems have been performed these common criteria. Instead, 
Vaidyanathan et al. [75] elucidated in detail that the Zr-based metallic glass exhibit 
some pressure or normal-stress dependence to their yield criterion, such as the 
Drucker-Prager yield criterion and the Mohr-Coulomb criterion. So, the von-Mises 
flow rule is probably inapplicable in the analysis of the deformation behavior of BMG 
materials and the exponential index, n, in Equation (21) may be different from the 
value of 2 which obtained from the dimensional analysis based on the von-Mises flow 
rule [76]. 
 
3.2.3 Effect of indentation load on reduced modulus 
The dependence of the contact modulus, Er, on the indentation load with zero 
seconds holding time is depicted in Figure 18. From this image, one can easily to find 
that the contact modulus of the three kind of Zr-based BMG alloys decreases with the 
increase of the indentation load. For the difference between simple tensile and 
compressive tests and nanoindentation test, a complicated stress field in specimen 
surface is created in the nanoindentation test due to the contact between indentation 
tip and specimen surfaces. Due to the nanoindentation coalescience in the shear band, 
it will generate the excessive free volume and leads to nucleation and formation of 
voids. The voids in the region subjected to the tensile stress are easily to growth and 
linkage, so, this will cause less dense packing of atoms and a larger average 
interatomic spacing. Owing to this reason, the mechanical strength of the specimen 
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will weakened and the local elastic modulus will reduced. Thus, the decrease of the 
reduced contact stiffness with the indentation load was caused by the overall effect of 
the stress-assisted formation of the excessive free volume and the nucleation and 
formation of voids. 
 
3.2.4 Effect of indentation load on hardness 
The dependence of the indentation hardness on the indentation load is depicted in 
Figure 19. We can also observe that the indentation hardness decreases with the 
increase of the indentation load, which is similar to the indentation size effect 
observed in crystalline and polymeric materials. For Zr50Cu40Al10 and Zr65Cu18Ni7Al10, 
they have the same slope of the hardness decrease with the increase of the indentation 
load; however, the slope of the hardness decrease of Zr50Cu30Al10Ni10 is relatively 
gently.  
In general, with the increase of the indentation load, the amount of the excessive 
free volume and the plastic deformation zone which generated during the indentation 
loading will also increased. Although more excessive free volume is nucleated during 
the indentation loading stage, the specific nucleation rate of excessive free volume is 
lower than the specific growth rate of the plastic zone. Due to this reason, the average 
concentration of the excessive free volume will decreased. 
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3.2.5 Effect of loading rate on reduced modulus and hardness 
The variation in contact modulus (Er), hardness (H) and indentation loading rate 
of the three types of Zr-based BMGs was plotted, as shown in Figures 20 and 21, 
respectively. We use the model of constant load-rate during the loading and unloading 
stage in each indentation and the range of the loading rate is from 0.05 to 8 mNs-1 for 
the series of indentation. From this image, one can easily to find that the hardness and 
reduced modulus exhibit different trends with changing loading rate. For Zr50Cu40Al10 
and Zr50Cu30Al10Ni10 BMGs, there is a bit rise in the reduced modulus as the loading 
rate is increased from 0.05 to 8 mNs-1, whereas the reduced modulus is a bit decrease 
of Zr65Cu18Ni7Al10 in this loading rate range. However, the hardness is virtually 
unchanged throughout the whole range from 0.05 to 8 mNs-1. From the Equation (2), 
we can find that the hardness is determined from the value Pmax and A, so, it implies 
that the A, the project contact area at peak load, is not strongly time-dependent under 
these experimental conditions. Nevertheless, the elastic modulus is calculated from 
the slope of the unloading curve, this means that the elastic modulus is sensitive to the 
loading rate and the recovery is time-dependent under the indentation. The elastic 
modulus to be sensitive to the loading rate have previously shown by Flores et al. [77] 
in the microhardness measurements on amorphous PET films, the authors find that the 
loading rate was increased from 0.47 to 13.2 mNs-1 will lead to the elastic modulus 
increased 20% and they attributed to increased viscoelastic recovery at the higher 
loading rates. However, Beake et al. [78] investigated the nanoindentation behavior of 
the poly film and concluded that with the increasing of the loading rate, the hardness 
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decreased and the reduced modulus keeps unchanged. 
 
3.2.6 Atomic force microscopy (AFM) image of nanoindentation 
Figure 22(a, b) show a typical AFM image of the impression mark obtained after 
an indentation load of 5,000 μN on the Zr-based BMGs and the corresponding 
morphological profiles of the residual indentation on the surface of the specimen. As 
presented in Figure 22(b), it is easily to find that the indentation profiles are 
self-similar, and a surface pile-up around the indentation. The contact surface of the 
specimen and the indent tip became wrinkled and highly pile-up, which means greater 
inhomogeneity flow around the indent. There are about as high as 160 nm pile-up 
above the average surface level in Zr-based BMGs by quantitative analysis, this also 
means that the metallic glasses have the severity of local plastic flow during the 
indentation. The final depth of the contact impression after unloading is about 340 nm, 
and this is also corresponding to the load-displacement curves, as shown in Figure 16.  
Figure 22(c) shows the three-dimensional (3D) image of the nanoindentation 
deformation, and we can also easily to observe the pile-up around the indentation area. 
Figure 22(d) presents the image of camera top view during the indentation test. 
 
3.2.7 Evaluation of nanoindentation behavior of BMGs 
The function of the reciprocal of the indentation depth and the ratio of the 
indentation hardness to the reduced contact modulus is plotted, as shown in Figure 23. 
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Due to the effect of the system stiffness to the reduced contact stiffness is negligible; 
we can propose that Young’s modulus of the metallic glass is proportional to the 
reduced contact modulus [70]. The data points, which are fitted by a straight line, 
support the proposed model when we using the reduced contact modulus in Equation 
(20). From the results of Figure 23, we can conclude that on the nano- and 
submicrometer scales, the strain gradient contributes to the nucleation and formation 
of the excessive free volume for the indentation, which is also corresponding to the 
dependence of the stresses on the variation of the excessive free volume in Equation 
(2). 
Another method of evaluating the indentation behavior of metallic glasses is to 
analyze the data taken during the indentation test and exploits the dependence of a 
new parameter hardness/modulus2 (H/E2), which suggested by Joslin et al. [79]. 
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where β is a constant depending on the indenter geometry. The ratio of H/E2 is 
proportional to the indentation load and inversely proportional to the square of the 
contact stiffness. The dependence of the contact modulus on the indentation load is 
depicted in Figure 24, from which one concludes that the H/E2 is a constant 
independent of the indentation load. This trend means that, for the metallic glasses, 
the indentation hardness influenced by the indentation-size effect is related to the 
change of the reduced contact stiffness and the indentation load. The result is also 
confirms by the observations in Figures 18 and 23. 
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3.2.8 DSC results of the Zr-based BMGs 
DSC measurements were performed to determine characteristic thermal 
properties, the glass transition temperature (Tg), which is defined as the onset 
temperature of the endothermic reaction, and the crystallization temperature (Tx), 
which is defined as the onset value of the exothermic peak. Figure 25 shows the DSC 
profiles of the three kinds of Zr-based BMGs under the speed heating rate of 20 K/min. 
As shown in this fugure, when we increase the Zr-content, the Tg decreased, which 
resulting in DTx (= Tx - Tg) increasing from 64K in Zr50Cu30Ni10Al10 up to about 111K 
in Zr65Cu18Ni7Al10. 
 
3.3 Serration-flow Behavior of BMGs 
3.3.1 Effect of loading rate on the serration behavior 
Nanoindentation load-displacement (P-h) curves of Zr-based BMGs at 
indentation loading rate from 0.02 to 8 mNs-1 are shown in Figure 26(a). For clarity 
of presentation and focus on the serrated flow, only the loading portions of the 
load-displacement curves are plotted and all the P-h curves are displaced on the same 
axes with the origins offset 100 nm, except the curve at 8.0 mNs-1, so that multiple 
curves can be shown on one graph. It is readily seen in Figure 26 that the serrated 
flow occurs at the slower loading rate (0.4 mNs-1 to 0.02 mNs-1) and that the pop-in 
size gradually increases with the decrease in the loading rate. There is no serrated 
flow was observed at the loading rate of 0.8 mNs-1 or more loading rate. It is also 
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easily to observe that the pop-in size gradually increases with the increase of the 
indentation depth, as shown in the slower loading rate curves. About the absence of 
the serrated flow in the higher loading rates, different researchers have different 
opinions. Schuh et al. [48] proposed that the kinetic limitation for the nucleation of 
shear bands was the reason of the disappearance of serrated flow at higher loading 
rates and they also claim that a new homogeneous flow region is exist in the BMGs. 
Greer et al. [80] pointed out that the absence of serrated flow was caused by the 
instrumental blurring at high loading rates. 
Due to the load P is constant in the serrated plastic flow, Yang et al. [58] 
concluded that the the displacement increment at a pop-in event (Dh) should have a 
function with the indentation depth (h), and it can be calculated as 
24.5
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where Km is a material constant, and DH is the hardness reduction. This equation 
shows that the pop-in size Dh is increases linearly with the indentation displacement 
since the hardness reduction lead to the shear band propagation terminated. 
Yang et al. [58] research the time duration of the serrated plastic flow at different 
loading rates, and they point out that the time of each serrated flow was about ~1.4 ms, 
which is independent of the loading rates. Thus, the load increment in 1.4 ms cannot 
be neglected at higher loading rates, and we can readily observe that P-h curves have 
different slopes in each serrated flow event, not the horizontal lines, as shown in 
Figure 26(b). It is also easily find that with the decreased of the loading rate, the 
pop-in slops also decreased, however, the pop-in size increased. The pop-in slop in 
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the 0.8 mNs-1 is very high and it very close to the elastic slop of the P-h curve. Thus, 
in the higher loading rates, the pop-in event cannot be easily distinguished and it 
looks like disappear. However, this does not mean that there are no pop-in events (or 
shear-band emission) in the higher loading rates above 0.8 mNs-1, it is noted that this 
event still occur in the specimen during indentation. 
    Form the literature review and results of our experiment; we can conclusion that 
the shear-band emission is highly affected by the indentation loading rate. Jiang et al. 
[81] proposed an explanation about the rate-dependent shear-band behavior in their 
work, that is temporally intermittent shear-banding operations produce a spatially 
discrete configuration of a few large shear bands at the lower strain rate, and these 
large shear band may correspond to simultaneous operations of many fine shear bands. 
On the country, at the higher strain rate, temporally successive shear-banding operates 
in front of the plastic zone, which will lead to the spatially dense distribution of many 
fine shear bands takes the place of shear banding repeatedly at pre-existing shear 
bands. Li et al. [82] studies the compressive tests and Vickers microhardness of the 
BMGs at different temperatures and conclude that both the formation and propagation 
of the shear bands are related to diffusion and thermally activated processes. Schuh et 
al. [83] investigated two kinds of the BMGs and proposed that the formation of the 
shear bands includes the three steps: 
l Stage 1: form a single shear transformation zone (STZ) in the matrix; 
l Stage 2: formation of STZ clusters; 
l Stage 3: shear band nucleation. 
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Then, the shear band began to propagation in the specimen. 
In Figures 27 and 28, the load-displacement is plotted with different indentation 
loading rate from 0.02 to 8 mNs-1for Zr50Cu30Al10Ni10 and Zr50Cu40Al10, respectively. 
It is readily to observed that in Zr50Cu40Al10 serrated plastic flow occurs at the slower 
loading rate (1.6 mNs-1 to 0.05 mNs-1) and absence at the higher loading rate (8.0 
mNs-1 to 4.0 mNs-1). However, there is no serrated plastic flow observed in the 
Zr50Cu30Al10Ni10 during the indentation, even the smallest loading rate 0.02 mNs-1. 
According to the observation on the plastic zone beneath an indent, Jiang et al. [81] 
schematically drawing the cross-section pattern of the plastic zone and shear bands 
during nanoindentation at lower and higher strain rates, as shown in Figure 29. In 
front of the plastic zone, shear-banding operations will lead to a configuration of the 
shear bands, and this is different of the uniaxial compression. During the 
nanoindentation, the plastic zone beneath an indenter expands radially with the 
change of time, and the shear banding is accompanied in front of the plastic zone. 
Thus, the stresses are unevenly distributed in the space during the indentation, and the 
shear bands spatial distribution is closely related to the temporal characteristic of the 
shear-banding operations, not the spatial characteristic of the shear-banding 
operations. As shown in Figure 29(a), a spatially discrete configuration of a few large 
shear bands was produced by temporally intermittent shear-banding operations at the 
lower strain rate, and this is corresponding to simultaneous operations of many fine 
shear bands. However, at the higher strain rate in Figure 29(b), the spatially dense 
distribution of many fine shear bands generated by the temporally successive shear 
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banding operations in front of the plastic zone, rather than the shear banding 
repeatedly at pre-existing shear bands. 
 
3.3.2 Effect of composition on the serration behavior 
For readily observed, we choose P-h curves with the loading rate of 0.1 mNs-1for 
three kinds of Zr-based BMGs and plotted in one pattern, as shown in Figure 30. In 
the same loading rate, the serrated plastic flows of the three kinds of BMGs are 
different, the Zr50Cu40Al10 is more pronounced than that for Zr65Cu18Ni7Al10, and 
however, Zr50Cu30Al10Ni10 do not have the serrated plastic flows. Another 
phenomenon is that the curve on the top of the Zr65Cu18Ni7Al10 is very close to the 
curve of Zr50Cu40Al10 and far away of the Zr50Cu30Al10Ni10. Due to the P-h curves are 
displaced on the same axes with the origins offset 150 nm, the final load depth of the 
Zr65Cu18Ni7Al10 is greater than Zr50Cu40Al10 and Zr50Cu30Al10Ni10. This trend means 
that the hardness of the Zr65Cu18Ni7Al10 is bigger than Zr50Cu40Al10 and 
Zr50Cu30Al10Ni10, which corresponding the results in Figure 19. The significant 
difference of the three Zr-based metallic glasses reflects their microstructures, in 
terms of free volume, and short and middle-range ordering are dissimilarity. As 
shown in Figure 19 and Figure 30, the hardness and reduced modulus of 
Zr65Cu18Ni7Al10 is smaller than Zr50Cu40Al10, and that the plastic flow of former alloy 
shows less serration than the latter. The basic principle for this phenomenon is not 
well understood at this moment, but will be deep research in the future. Liu et al. [83] 
test two Zr-based metallic glasses and concluded that the serrated flow is closely 
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related to these innate properties. They point out that smaller modulus and hardness 
lead to a smaller atomic binding strength and a looser topological structure, which 
means a higher free volume in an amorphous structure. Due to the serrated plastic 
flow are related to the shear bands activity, which usually formed in the sites of more 
free volume, then cause to the serrated plastic flow during indentation. However, this 
explanation is contradicting to our results, so, the reason of this phenomenon need 
more in-depth study. 
 
3.3.3 The relationship between pop-in size and indentation depth 
It is easily to find that the pop-in size and the indentation depth have the linear 
relationship, with the increase of the indentation depth, the pop-in size also increased, 
as shown in Figure 31. Schuh et al. [44] and Greer et al. [80] have reported this 
phenomenon and they explained as ‘‘length scaling’’. They point out that the larger 
pop-ins lead to greater shear displacements within the shear band, because a single 
shear band can produce several microns displacements. Thus, the total number of the 
pop-in events will decrease with the same amount of indentation displacement, and is 
the reason why the fewer pop-in events in the deeper indentation depth. 
 
3.3.4 The relationship between strain rate and indentation depth 
According to the Sargent and Ashby’s research [84], the displacement rate is a 
non-linear function of time during an indentation with a constant loading rate, which 
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means the indentation strain rate can be defined as: 
1
i
dh
h dte =
g
                           (24) 
where h is the indenter displacement during indentation. The instantaneous 
indentation strain rate is plotted at 0.4, 1.6 and 8.0 mNs-1 as a function of the 
indentation depth for Zr50Cu40Al10 and plotted at 0.1, 0.4 and 1.6 mNs-1 as a function 
of the indentation depth for Zr65Cu18Ni7Al10 in Figures 32(a) and (b), respectively. For 
the clarity of observation, except the curve at the strain rate of 0.4 mNs-1 in Figure 
32(a) and 0.1 mNs-1 in Figure 32(b), all the other curves are plotted on the same axes 
with the strain rates offset by one order of magnitude. Due to the equation is singular 
at h=0, the strain rate is effectively infinite at the outset of each experiment. However, 
with the indentation depth increased, the strain rate decreased as ~1/h and eventually 
approaches an approximately constant value at a large indentation depth. There are 
several obvious strain rate spikes at each indentation rate and the strain rate sizes 
appear to increasing with the indentation proceeds. The strain rate peaks highlight and 
corresponding exactly with the pop-in events or the displacement serrations in the 
load-displacement curves in Figures 26 and 27. One can also observed that for the 
same indentation strain rate, such as 0.4 mNs-1, these peaks are more pronounced in 
the Zr50Cu40Al10 than the Zr65Cu18Ni7Al10, and their magnitude is strongly affected by 
the indentation strain rate. 
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3.3.5 The relationship between displacement and time 
Figure 33 shows a typical curve of the indenter displacement versus time (h-t), 
which is obtained from the Zr50Cu40Al10 at the loading rate of 0.1 mNs-1. In order to 
evidently observation, we cut out a section of the h-t curve and plotted as insertion 
shows. Here, τ is defined as the time duration or of a pop-in event. Li et al. [85] 
developed a simple protocol to identify the pop-in event, and to distinguish them from 
the noise. The low-frequency and high-amplitude signal is clearly the real pop-in 
events representing the jumpy plastic deformation of the metallic glass, but the 
high-frequency and low-amplitude signal is the machine’s noise floor. Li et al. [85] 
point out that there are three stages can be used to identify the pop-in events. A 
maximum homogeneity smoothing technique was used in the first stage which 
involves a data smoothing algorithm to filtering out the noise and obtains the original 
configuration of the curve. The second stage makes use of a median smoothing 
technique to filtering out the noise with same method of the first stage. The third stage 
uses a burst search algorithm to detect and record the pop-in data throughout the 
whole h-t curve according to the pre-set values. 
 
3.3.6 The consolidated elastic curve 
A single serrated P-h curve obtained at a loading rate of 0.1 mNs-1 on the 
Zr50Cu40Al10 BMGs alloy, including the elastic unloading section of the curve, is 
shown in Figure 34. The recovered elastic depth, hplastic, is observed about 393 nm 
after removal of the indenter tip. Gouldstone et al. [86] proposed a interesting method, 
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which is assess the contribution of discrete shear bands to plastic deformation of the 
alloy, and describe the construction of a ‘‘consolidated elastic’’ loading curve, which 
obtained by removing all of the pop-in gap from the loading stage of the P-h curve. 
As illustrated by the arrows in Figure 34, a smooth and continuous curve was 
obtained by the Gouldstone et al.’s method, which can essentially corrects the 
experimental P-h curve by remove the total depth of the serrated flow (hpop-in). At the 
maximum loading, we can clearly observed that the depth of the hpop-in is about 214.5 
nm, the depth of the ‘‘consolidated elastic’’ hreal is equal to 281.44 nm, and the true 
elastic depth is about 102 nm. For different materials, they exhibit different results of 
these experiment results. In the work of the Schuh et al. [44], the value of the hreal is 
close to the helastic and they point out that due to the motion of individual shear bands, 
the plastic strain experienced by the Pd-30Cu-10Ni-20P (at %) during 
nanoindentation occurs in discrete bursts. However, in the indentation tests of 
La-25Al-10Cu-5Ni-5Co (at %) BMG alloy investigated by Nieh and Schuh et al. [87], 
the value of the hreal is approximately three times of the helastic. The ratio of the hreal 
and helastic is nearly about 2.8, which is very close to the ratio in the 
La-25Al-10Cu-5Ni-5Co BMG alloy. 
 
3.4 Conclusions 
The deformation behavior of the metallic glasses is inhomogeneous and serrated 
flow was observed in the indentation experiments. From the investigated of the 
deformation behavior and the serrated flow behavior in the Zr-based BMGs, we can 
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conclude that:  
The load-control mode was used in the indentation experiment and both the 
indenter hardness and reduced modulus of the three kinds Zr-based BMGs decreased 
with the increase of the indentation load. 
With the increasing of the loading rate in the indentation experiment, the reduced 
modulus of both Zr50Cu40Al10 and Zr50Cu30Al10Ni10 BMGs were increased and 
Zr65Cu18Ni7Al10 was decreased. However, the hardness of the three kinds of Zr-based 
BMGs was kept constant when the loading rates increased in the indentation 
experiments. 
    From the AFM image of the impression mark obtained after an indentation load, 
we can readily find that the indentation profiles are self-similar, and a surface pile-up 
around the indentation. The contact surface of the specimen and the indent tip became 
wrinkled and highly pile-up, which means greater inhomogeneity flow around the 
indent. 
The serration flow was observed in the indentation experiment in both 
Zr50Cu40Al10 and Zr65Cu18Ni7Al10 BMGs. However, no serration flow was revealed in 
the Zr50Cu30Al10Ni10 BMG. Increasing with the loading rate, the pop-in size decreased 
and the serration behavior became weak, then it disappears in the higher loading rates. 
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Chapter 4 Nanoindentation Tests and Irradiation Simulation on 
HEA 
4.1 XRD Results of HEA 
Figure 35 illustrates the XRD patterns of as-cast Al0.5CrCuFeNi2 alloys which 
are identified crystalline structure. The picks of the (111), (200) and (220) shown that 
this HEA basically belong to fcc structure. The small peaks slightly on the left of the 
matrix fcc of Al0.5CrCuFeNi2 in XRD curve is identified as Cu-rich interdendrites, 
which have the same location of copper. Guo et al. [88] investigated a series of 
AlxCrCuFeNi2 alloys and point out that at x < 0.7, the HEA alloy is fcc structure; at 
0.8 < x < 1.8, the HEA alloy is fcc+bcc structure; and when 1.8 < x, fcc solid 
solutions could not be detected, which means that the HEA alloy is bcc structure.  
 
4.2 SEM Analysis of HEA 
4.2.1 SEM image of HEA 
A typical SEM image the as-cast Al0.5CrCuFeNi2 sample is shown in Figure 36. 
As shown in this image, one can readily to observation that the HEA specimen has 
two phases, which are indicated as dark gray area and light grey area, respectively. 
The microstructure of the HEA alloys showed a typical dendritic structure, the fcc 
dendrite phase which contains the poly-grained fcc matrix phase (dark gray area) and 
the fcc Cu-rich interdendritic phase which consists of the poly-grained fcc Cu-rich 
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phase (light grey area) [89, 90, 91]. 
 
4.2.2 EDS results of HEA 
The two phases are clearly visible in Figure 37(a) on the polished HEA surface. 
In order to identify composition of the different phase, the elemental concentration 
analysis was examined by EDS. As shown in Figure 37, the white (b), red (c), purple 
(d), yellow (e), and blue (f) maps correspond to aluminum, chromium, copper, iron, 
and nickel, respectively. It is observed that copper atoms (Figure 37(d)) concentrate in 
the light grey area, suggesting that this grey area contains higher concentration of 
copper than the dark gray area. For the element of chromium, iron, and nickel, shown 
as the red [Figure 37(c)], yellow [Figure 37(e)], and blue [Figure 37(f)] color, higher 
concentration of these elements are found in the dark grey area rather than the light 
grey area. Relatively, the element of aluminum has uniform concentration as 
compared to the other elements. 
The chemical composition analysis of the different phase was performed by EDS 
(Figure 38). The analysis is carried out from 5 different locations, two in the light grey 
area and three in the dark gray area to achieve more reliable results. As shown Figure 
38, the result of the point A is shown on the top right and the result of the point D is 
shown on the bottom right. Elements concentration in the different region and the 
nominal element concentration are summarized in Table 3. In the light grey area, 
denoted by the points A and B, the copper concentrations are 55.41% and 51.20%, 
approximately three times of the estimated copper concentration. Furthermore, the 
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aluminum concentration is more than the estimated aluminum concentration. On the 
contrary, the concentration of the chromium, iron, and nickel is lower than their 
estimated concentration. In the dark gray area, the concentration of the copper and 
aluminum in the points of C, D, and E is less than their estimated concentration. 
Conversely, the concentration of the chromium, iron, and nickel are all higher than 
their estimated concentration. As a summary, the composition of the light gray area is 
approximately Al11.7Cr7.5Cu53Fe6Ni21.8, at.%, and the dark gray area is approximately 
Al7.7Cr20Cu13.4Fe20.7Ni38.2, at.%. All of these results are in agreement with the 
elemental mapping results in Figure 37. 
 
4.3 Deformation behavior of HEA 
4.3.1 AFM image of HEA 
Figure 39 shows a typical AFM image of the impression mark obtained after an 
indentation load of 5,000 μN on the Al0.5CrCuFeNi2 HEA and the corresponding 
morphological profiles of the residual indentation on the surface of the specimen. It is 
readily to find that a surface pile-up around the indentation, as shown Figure 39(b). 
Compare to the high of 160 nm pile-up above the average surface level in Zr-based 
BMGs by quantitative analysis, the Al0.5CrCuFeNi2 HEA only have 120 nm pile-up 
above the average surface level when they use the same indentation load, which also 
means that the Al0.5CrCuFeNi2 HEA have the lower hardness than the Zr-based 
BMGs and this is also corresponding to the results from Figure 41 and Figure 19. The 
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final depth of the contact impression after unloading is about 350 nm, which is almost 
the same with the Zr-based BMGs’ contact impression depth. Figure 39(c) shows the 
3 dimensions (3D) image of the nanoindentation deformation and the pile-up around 
the indentation area are readily observed. Figure 39(d) is the image of camera top 
view during the indentation test. 
 
4.3.2 Load-displacement curves of HEA 
Figure 40 display the typical load-displacement curves at different peak 
indentation load on the Al0.5CrCuFeNi2 HEA. A considerable amount of creep strain 
was found for the entire different indentation load, this means that the Al0.5CrCuFeNi2 
HEA exhibit viscoelastic behavior under the indentation conditions. Thus, the holding 
section is necessary for the dissipation of creep displacement at the peak and we chose 
ten seconds as the holding time in the indentation experiments. It is clearly observed 
that no cracks were formed during indentation, which is means no serration behavior 
in the Al0.5CrCuFeNi2 HEA. The load-displacement curves with different maximum 
loads also overlapped perfectly during the loading stage, and this demonstrates that 
the experimental data have a good reproduction and no surface effects or instability of 
instrument. 
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4.3.3 Effect of indentation load on the reduced modulus and hardness 
Figure 41 shows the function between the indentation load and the contact 
modulus (left axis) and the indentation load and the hardness (right axis) of th contact 
e Al0.5CrCuFeNi2 HEA, and it also shown that the both the contact modulus and 
hardness have a strong load-dependence. It is easily observed that both the contact 
modulus and hardness decreased with the increasing of the indentation load. The 
indentation size effect lead to the higher hardness and modulus at lower indentation 
load, and this phenomenon is occur in most materials [92]. The high values of the 
contact modulus (177GPa) and hardness (7GPa) are decreased to 155 GPa and 4 GPa, 
respectively. And at the higher indentation load (P > 5000μN), the value of the contact 
modulus and hardness get very closer. 
 
4.4 Irradiation Analysis of HEA 
4.4.1 Parameter setting of irradiation simulation 
The as-cast HEAs samples of Al0.5CoCrFeNi2 are prepared, and the density 
measured by the drainage method is 7.467 g/cm3. In order to predict the 
energy-dependent penetration depth of heavy ions, Au ions with the energy ranging 
from 0.05 to 20 MeV are calculated. The SRIM-predicted ion range is summarized in 
Figure 42. The result shows that with increasing the energy of the incident ions, the 
ion range also increases. When the incident ion energy is 10 MeV, the ion range is 1 
μm. To better estimate the displacement damage, 10 MeV Au is chosen for the full 
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collision cascade simulation. In order to predict the maximum reachable dose, dose 
and ion profiles are calculated, assuming under optimized irradiation conditions and 
long irradiation time of 10 hours. Detailed information is listed in the Table 4, 
together with the SRIM simulation results. 
 
4.4.2 Irradiation of Au in HEA 
Figure 43 shows the calculated depth-dependent displacement damage and 
implanted ion profiles by SRIM for 10 MeV Au-irradiated HEA and for the ion 
fluence of 2.0 × 1016 Au/cm2. These results were obtained from Monte Carlo 
simulations using the SRIM-2008.04 full-cascade mode, in which the calculations 
were carried out under the assumptions of a sample density of 7.467 g/cm3 and 
threshold displacement energies of 40 eV for every element. The predicted dose 
maximum is 158.76 dpa, and the damage level above 40 dpa ranges from 0 to ~ 1,300 
nm. The highly-damaged region (above ~ 80 dpa) expands from 300 to 1,200 nm with 
the damage peak at 900 nm. In the surface region of the specimen, the damage dose is 
about 50 dpa. However, with the increase of the depth, the damage dose increased 
rapidly. And it also decreased quickly from the maximum to the 0 dpa, when the depth 
is larger than 1500 nm. The rapid increase and decrease of the damage dose in the 
specimen indicate that the Au irradiation produces non-uniform damage. Moreover, as 
shown in Figure 43, the maximum concentration of Au is approximately 0.49% (at.%) 
at a depth of 1,060 nm, which is somewhat greater than the depth of the maximum 
damage dose as expected, and the calculated full width at half maximum for the 
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implanted ion distribution is 460 nm for 10 MeV Au ions. In order to obtain the 
approximate 100 dpa damage in the proposed HEA samples, 10 MeV Au to the 
fluence of 1.5 × 1016 cm-2 may be used to create radiation damage. 
 
4.4.3 Irradiation of Co in HEA 
The profiles of damage and Co concentration are calculated by SRIM 
full-cascade simulations in the HEA under 10 MeV Co irradiation for an ion fluence 
of 2.0 × 1016 Co/cm2, assuming the average displacement energy of 40 eV for all of 
the elements in the HEA and in this research, as shown in Figure 44. In this study, the 
predicted dose maximum is approximately 41.57 dpa. The highly-damaged region 
(above 25 dpa) ranged from 1,400 to 2,400 nm, and the damage peak is approximately 
2,100 nm. The Co profile is also shown in Figure 44, where the calculated 
concentration maximum is 0.436% (at.%) at the depth of 2,300 nm, and the calculated 
full width at half maximum for the implanted ion distributions is 485 nm for 10 MeV 
Co ions. At depths midway between the surface and implanted Co-ion regions, the 
calculated implanted Co concentration is negligible, and the calculated displacement 
damage is about half of the peak damage level. 
 
4.5 Conclusions 
The XRD patterns of as-cast Al0.5CrCuFeNi2 alloys reveal that the crystalline 
structure of this HEA was an fcc structure. 
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The HEA specimen has two phase sand showed a typical dendritic structure, the 
fcc dendrite phase which contains the poly-grained fcc matrix phase and the fcc 
Cu-rich interdendritic phase which consists of the poly-grained fcc Cu-rich phase. 
And this result is also corresponding to the EDS analysis. 
Both the contact modulus and indentation hardness of the Al0.5CrCuFeNi2 alloys 
have a strong load-dependence and they were both decreased with the increasing of 
the indentation load. 
Based on the results of the SRIM simulation, we establish the relationship 
between the ion energy and ion range from the SRIM simulation. The Au and Co 
irradiation simulation reveal that the highly-damaged region is around from 200 to 
1,200 nm and from 1,400 to 2,400 nm for the Au-irradiated and Co-irradiated samples, 
respectively. 
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Chapter 5 Conclusions 
The nanoindentation experiments on the Zr50Cu40Al10, Zr50Cu30Al10Ni10 and 
Zr65Cu18Ni7Al10 BMG alloys were performed at different loading (300 μN ～ 8000 
μN) and different loading rates (0.02 mNs-1 ～ 8 mNs-1). The deformation behavior 
and the serration behavior of the three kinds of Zr-based BMGs were investigated 
with a load-control mode and the data were compared. Both the indenter hardness and 
reduced modulus of the three kinds of Zr-based BMGs decreased with the increase of 
the indentation load. However, they have different trend with the change of the 
loading rate, such as the constant hardness in the different loading rates. 
The serration flow was observed in the indentation experiment in both 
Zr50Cu40Al10 and Zr65Cu18Ni7Al10 BMGs. However, no serration flow was revealed in 
the Zr50Cu30Al10Ni10 BMG. Serration-flow behavior was strongly associated with the 
shear-band emission and dependent on the loading rate in the nanoindentation 
experiments. It was also observed that the serration-flow behavior occurs at lower 
loading rates but disappeared at the higher loading rate. However, this trend does not 
mean that there are no serration flow in the higher loading rates, it is noted that this 
event still occur in the specimen during indentation. 
The morphological profiles of the residual indentation on the surface of the 
specimen after an indentation were observed by the AFM, and the DSC measurements 
were performed to determine characteristic thermal properties, the glass-transition 
temperature (Tg), and the crystallization temperature (Tx). 
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The deformation behavior in the Al0.5CrCuFeNi2 HEA was also investigated 
using the nanoindentation test at different load. The indenter hardness and reduced 
modulus of the Al0.5CrCuFeNi2 HEA decreased with the increase of the indentation 
load. However, no serration behavior was observed during the indentation experiment. 
Creep behavior was observed in the indentation tests because the HEA exhibits 
viscoelastic behavior under the indentation conditions. 
The microstructure of the HEA was investigated by the XRD, AFM, SEM, and 
EDS. For the advanced research, the ion implantation simulation of the HEA was 
preformed. Based on the results of the SRIM simulation, we establish the relationship 
between the ion energy and ion range from the SRIM simulation. The Au and Co 
irradiation simulation reveals that the highly-damaged region is from 200 to 1,200 nm 
and from 1,400 to 2,400 nm for the Au-irradiated and Co-irradiated samples, 
respectively. 
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Chapter 6 Future Work 
In order to further understand the deformation behavior and the serration-flow 
characteristics of the BMGs and HEAs, and reveal the misunderstanding or debates 
on the nanoindentation, such as the origin of the serration flow and the site of a shear 
band formed, there are still a lot of work should be down in the future, which is listed 
as follows: 
(1) It is widely accepted that the serration flow is associated with the shear-band 
emission. However, deep research should be done to reveal that how the 
shear-band influences the serration-flow behavior and the fundamental origins 
of the shear band. 
(2) This thesis investigated the deformation behavior and the serration-flow 
characteristics of BMGs and HEAs at room temperature. However, there will 
have totally different deformation and serration-flow behavior in the high 
temperature. So, the nanoindentation experiment at higher temperatures 
should be performed to characterize the deformation and serration-flow 
behavior. 
(3) Anti-corrosion is a very important aspect in the application of BMGs and 
HEAs. So, the investigation of the deformation and serration-flow behavior in 
the nanoindentation experiment under a corrosion condition must be very 
interesting in the future, and these studies are also very important in the 
application of BMGs and HEAs. 
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(4) Potential applications of HEAs in advanced nuclear-energy systems will 
require materials that can withstand extreme reactor environments of 
high-temperature and high-doses radiation. So, the investigation of the change 
of the mechanical properties before and after ion irradiation is very important in the 
HEAs’ research. My thesis only investigated the deformation and serration-flow 
behavior of the as-cast HEAs, and the nanoindentation experiment of the 
irradiated specimen should be performed in the next stage. 
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Appendix A Tables 
 
Table 1 Compositions and mechanical properties of ternary Zr-based bulk metallic 
glassy alloys. [43] 
 
Element Content, at% σy σf E HV 1 2 3 1 2 3 
Cu Zr Ag 50 45 5 — 1,940 112 599 
Cu Zr Ag 50 45 5 — 1,940 112 599 
Cu Zr Ag 45 47.5 7.5 — 1,820 108 556 
Cu Zr Ag 45 45 10 — 1,810 108 542 
Cu Zr Ag 42.5 47.5 10 — 1,780 106 534 
Cu Zr Ag 45 50 5 — 1,885 111 585 
Cu Zr Al 47.5 47.5 5 1,547 2,265 87 — 
Cu Zr Al 55 40 5 — 2,210 115 581 
Cu Zr Al 52.5 42.5 5 — 2,115 111 573 
Cu Zr Al 50 45 5 — 1,885 102 546 
Cu Zr Al 46 46 8 1,894 2,250 — 580 
Cu Zr Al 55 40 5 — 2,210 115 581 
Cu Zr Al 52.5 42.5 5 — 2,115 111 573 
Cu Zr Al 50 45 5 — 1,885 102 546 
Cu Zr Al 48 48 4 1,199 1,882 103 — 
Cu Zr Al 47 47 6 1,733 2,250 — 580 
Cu Zr Ga 52.5 42.5 5 — 1,940 105 552 
Cu Zr Ga 55 40 5 — 2,025 109 565 
Cu Zr Ga 52.5 40 7.5 — 2,130 111 581 
Cu Zr Ga 57.5 40 2.5 — 1,910 105 547 
Cu Zr Ti 60 30 10 1,785 2,150 114 — 
Zr Al Ni 70 10 20 1,411 1,335 61 432 
Zr Al Ni 65 10 25 1,581 1,520 64.5 484 
Zr Al Ni 65 15 20 1,614 1,640 70.5 494 
Zr Al Ni 60 15 25 1,640 1,715 72.6 502 
Zr Al Ni 60 20 20 1,795 1,720 78.2 549 
Zr Co Al 55 30 15 — 1,790 98 543 
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Table 1 Compositions and mechanical properties of ternary Zr-based bulk metallic 
glassy alloys. [43] Continued. 
 
Element Content, at% σy σf E HV 1 2 3 1 2 3 
Zr Co Al 55 25 20 — 1,750 96 530 
Zr Co Al 55 25 20 — 1,900 114 — 
Zr Cu Al 50 40 10 — 1,821 89 — 
Zr Cu Al 50 40 10 — 1,860 88 496 
Zr Cu Al 52.5 37.5 10 — 1,840 86 485 
Zr Cu Al 50 37.5 12.5 — 1,960 93 511 
Zr Cu Al 50 42.5 7.5 — 1,820 86 475 
Zr Cu Al 55 35 10 — 1,810 83 470 
Zr Cu Al 60 30 10 — 1,720 80 446 
Zr Cu Al 47.5 42.5 10 — 1,920 90 508 
Zr Ni Al 60 25 15 — 1,760 88 495 
Zr Ni Al 55 25 20 — 1,780 89 502 
Zr Ni Al 55 30 15 — 1,820 99 514 
Zr Ni Al 60 20 20 1,793 1,720 78.2 549 
Zr Ni Al 70 20 10 1,411 1,335 61 432 
Zr Ni Al 65 25 10 1,520 1,581 64.5 484 
Zr Ni Al 65 20 15 1,614 1,640 — 494 
Zr Ni Al 60 25 15 1,640 1,715 — 502 
Zr Ni Ti 40 37 23 — 1,630 — 524 
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Table 2 Compositions and mechanical properties of quaternary Zr-based bulk metallic 
glassy alloys. [43] 
 
Element Content, at% σy σf E HV 1 2 3 4 1 2 3 4 
Cu Zr Ag Al 45 45 7 3 — 1,836 110 540 
Cu Zr Ag Al 45 45 5 5 — 1,890 112 556 
Cu Zr Ag Al 45 45 3 7 — 1,912 112 561 
Cu Zr Hf Ag 45 25 20 10 — 2,000 122 579 
Cu Zr Ti Be 55.5 27.75 9.25 7.5 — 2,450 146 710 
Cu Zr Ti Y 58.8 29.4 9.8 2 1,780 2,050 115 — 
Ni Nb Ti Zr 60 15 10 15 — 2,770 156 — 
Ni Ta Ti Zr 60 15 15 10 — 3,180 67 — 
Zr Al Co Cu 55 20 20 5 2,000 1,960 92 — 
Zr Al Ni Pd 65 7.5 10 17.5 1,340 1,510 — — 
Zr Cu Ni Al 52 32 4 12 — 1,780 88 501 
Zr Cu Ni Al 52 30 6 12 — 1,820 93 506 
Zr Cu Ni Al 50 26 12 12 — 1,878 88 498 
Zr Cu Ni Al 50 34 4 12 — 1,905 91 517 
Zr Cu Ni Al 48 32 8 12 — 1,894 94 513 
Zr Cu Ni Al 50 32 6 12 — 1,875 92 521 
Zr Cu Ni Al 52 28 8 12 — 1,798 94 512 
Zr Cu Ni Al 50 30 8 12 — 1,820 92 526 
Zr Cu Ni Al 46 34 8 12 — 1,777 111 562 
Zr Cu Ni Al 48 28 12 12 — 1,906 102 530 
Zr Cu Ni Al 48 34 6 12 — 1,899 94 529 
Zr Cu Ni Al 50 28 10 12 — 1,993 92 517 
Zr Cu Ni Al 48 30 10 12 — 1,378 94 520 
Zr Cu Ni Al 48 30 10 12 — 1,980 92 528 
Zr Cu Ni Al 52 26 10 12 — 1,960 89 509 
Zr Cu Ni Al 46 30 12 12 — 1,399 106 552 
Zr Cu Fe Al 60 25 5 10 1,643 — 92 — 
Zr Cu Fe Al 60 20 10 10 1,708 — 104 — 
Zr Fe Al Cu 60 10 7.5 22.5 1,718 — 100 — 
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Table 3 Element of concentrations in different points and nominal element of 
concentration 
 
 Al (at-%) Cr (at-%) Cu (at-%) Fe (at-%) Ni (at-%) 
A 11.22 7.93 55.41 5.79 19.65 
B 12.22 7.02 51.20 6.12 23.44 
C 9.03 19.41 15.10 18.44 38.02 
D 7.57 20.67 12.91 21.21 37.64 
E 6.38 20.95 12.19 22.23 38.25 
Nominal 
Concentration 9.1 18.2 18.2 18.2 36.4 
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Table 4 Irradiation parameters and peak positions predicted by SRIM under Au 
irradiation conditions. 
 
Ion Au 
Ion energy (MeV) 10 
Irradiation angle (°) 0 
Irradiation area (mm2) 100 
Ion current (nA) 500 
Irradiation time (hour) 10 
Ion fluence (cm-2) 2.0 × 1016 
SRIM Au peak (nm) 1,130 
SRIM dpa peak (nm) 900 
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Appendix B Figures 
 
 
 
Figure 1 Summary indentation-tip configurations [93] 
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Figure 2 Berkovich indenter 
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Figure 3 Nanoindentation loading and unloading 
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Figure 4 Schematic plot of a typical load-displacement curve. 
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Figure 5 Critical casting thicknesses for glass formation as a function of the year the 
corresponding alloy has been discovered. Over 40 years, the critical casting thickness 
has increased by more than three orders of magnitude. [25] 
 
74 
 
 
 
Figure 6 Relation among the critical cooling rate for glass formation (Rc), maximum 
thickness for glass formation (tmax), and reduced glass-transition temperature (Tg/Tl) 
for metallic glasses. [29] 
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Figure 7 Schematic time-temperaturetransformation (TTT) diagram. Crystallization 
occurs between Tl and Tg, and can be avoided by sufficiently cooling of the liquid (Rc); 
when the amorphous solids are isochronally heated at a constant heating rate, the 
sample starts to crystallize at an onset temperature denoted as Tx. [36] 
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Figure 8 Schematic TTT curves showing the effect of Tx measured upon continuous 
heating for different liquids with similar Tl and Tg; liquid b with higher onset 
crystallization temperature bTx (aTx < bTx) shows a lower critical cooling rate bRc 
(bRc < aRc). [36] 
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Figure 9 The correlation between the critical cooling rate and the parameter γ for 49 
metallic glasses. [36] 
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Figure 10 The critical cooling rates as a function of the reduced glass transition 
temperature Trg for cryoprotective agents. [36] 
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Figure 11 Localized plastic flow around a Berkovich indent on the surface of bulk 
amorphous Pd40Cu30Ni10P20. Indentation diagrams obtained by action of symmetric 
triangle force pulses with the duration of 20s (b) and 0.5s (c). The insets show the 
parts of the diagrams on an enlarged scale. [51] 
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Figure 12 Compilation of the present indentation results, showing the range of strain 
rates over which serrated flow is and is not observed. Data from the literature are also 
assembled, illustrating the same general trends found in this work, in several different 
modes of loading. [44] 
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Figure 13 Pop-in size variation with the loading rates during nanoindentation of an 
Au-based bulk metallic glass. (a) P-h curves at nine different loading rates and (b) 
typical pop-in step at high loading rates of 10, 30, and 100 mNs-1. [44] 
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Figure 14 Sketch of the Indentation load versus time curve 
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Figure 15 Schematic of the strain gradient clusters, (A) Top view of indentation 
impression, (B) Cross-sectional view along line p1-p2. [71] 
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Figure 16 Load-Displacement curves of the Zr50Cu30Al10Ni10 BMGs at different 
indentation loading. 
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Figure 17 Dependence of the maximum indentation depth on the indentation load for 
the Zr50Cu40Al10, Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 BMGs. 
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Figure 18 Effect of the indentation load on the reduced contact stiffness for the 
Zr50Cu40Al10, Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 BMGs. 
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Figure 19 Dependence of the indentation hardness on the indentation load for the 
Zr50Cu40Al10, Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 BMGs. 
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Figure 20 The reduced modulus (Er) variation with the loading rate during 
nanoindentation of the Zr50Cu40Al10, Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 BMGs. 
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Figure 21 The hardness (H) variation with the loading rate during nanoindentation of 
the Zr50Cu40Al10, Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 BMGs. 
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Figure 22 Slip-step patterns over the contact surface and the surrounding area of the 
Zr50Cu40Al10 BMGs. 
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Figure 23 Indentation-size effects in the indentation of the Zr50Cu40Al10, 
Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 BMGs. 
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Figure 24 Correlation between the indentation hardness and the reduced contact 
modulus for the Zr50Cu40Al10, Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 BMGs. 
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Figure 25 The temperature dependence of the DSC thermogram for the Zr50Cu40Al10, 
Zr50Cu30Al10Ni10, and Zr65Cu18Ni7Al10 BMGs. 
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Figure 26 Pop-in size variations with the loading rates during nanoindentation of a 
Zr65Cu18Ni7Al10 BMG. (a) Typical load-displacement (P-h) for the loading portion of 
a nanoindentation test. (b) Typical pop-in gap at the loading rates of 0.8, 0.4, 0.1 and 
0.05 mNs-1. 
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Figure 27 Typical load-displacement (P-h) for the loading portion of a 
nanoindentation test on a Zr50Cu40Al10 BMG. 
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Figure 28 Typical load-displacement (P-h) for the loading portion of a 
nanoindentation test on a Zr50Cu30Al10Ni10 BMG. 
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Figure 29 Schematic illustrations of cross-sectional views of the plastic deformation 
of a metallic glass during the nanoindentation at (a) a lower strain rate and (b) a 
higher strain rate. P(t) and r(t) represent the load and the plastic-zone size, 
respectively, both of which are a function of time. The shear-band patterns beneath 
the indents manifest the temporal characteristic features of shear-banding operations 
that we observed in the uniaxial compression. [81] 
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Figure 30 The typical P-h curves with the loading rate of 0.1 mNs-1 for Zr50Cu40Al10, 
Zr50Cu30Al10Ni10 and Zr65Cu18Ni7Al10 BMGs. 
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Figure 31 The function of measured pop-in size and the indentation depth for 
Zr50Cu40Al10 BMGs indented at a constant loading rate of 0.1 mNs-1 during 
nanoindentation. 
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Figure 32 The indentation strain rate plotted as a function of the indentation depth for 
(a) Zr50Cu40Al10 and (b) Zr65Cu18Ni7Al10BMGs at different loading rates. 
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Figure 33 A typical curve of the indenter displacement vs. time (h-t) of the 
Zr50Cu40Al10 BMGs at the loading rate of 0.1 mNs-1. 
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Figure 34 An example of a typical serrated P-h curve at a loading rate of 0.1 mNs-1 
for the Zr50Cu40Al10 BMGs, including the elastic-plastic loading and elastic unloading 
curve. As indicated by the arrows, a smooth “consolidated elastic” curve is obtained 
by removal of the pop-in gap. 
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Figure 35 XRD patterns of as-cast Al0.5CrCuFeNi2 alloys. The structure of the as-cast 
and irradiated samples was performed by X-ray diffraction (XRD) with Cu Kα 
radiation (λ = 1.541874 Å). 
 
 
 
 
Figure 36 Scanning electron microscopy (SEM) image of the surface of the as-cast 
Al0.5CrCuFeNi2 HEA samples. 
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Figure 37 Elemental mapping of the Al0.5CrCuFeNi2 HEA. 
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Figure 38 Surface elements analysis of the Al0.5CrCuFeNi2 HEA. 
 
 
 
 
 
Figure 39 Slip-step patterns over the contact surface and the surrounding area of the 
Al0.5CrCuFeNi2 HEA 
106 
 
0 100 200 300 400 500 600 700 800
0
2000
4000
6000
8000
10000
Al0.5CrCuFeNi2
750 765 780 795
8250
8500
8750
9000
9250
Lo
ad
 (m
N
)
 
 
Depth (nm)
Creep
 1,000 mN
 3,000 mN
 5,000 mN
 7,000 mN
 9,000 mN
 
 
Lo
ad
 (m
N
)
Depth (nm)
 
 
Figure 40 Load-displacement curves (P-h) as a function of normal load during 
nanoindentation of the Al0.5CrCuFeNi2 HEA. 
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Figure 41 The reduced modulus (Er) and hardness (H) variation with the value of load 
during nanoindentation of the Al0.5CrCuFeNi2 HEA. 
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Figure 42 The relationship between ion energy and ion range 
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Figure 43 The SRIM-predicted damage profile in the unit of dpa and Au 
concentration for Al0.5CrCuFeNi2 HEA irradiated by 10 MeV Au to a fluence of 
2.0×1016 cm-2. 
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Figure 44 The SRIM-predicted damage profile in the unit of dpa and Co concentration 
for Al0.5CrCuFeNi2 HEA irradiated by 10 MeV Co to a fluence of 2.0×1016 cm-2. 
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